and Bach [1939] have expressed the opinion that in addition to the ornithine cycle there are other mechanisms of urea synthesis in the mammalian liver. Leuthardt [1938a] found that liver of starved guinea-pigs forms urea more rapidly from glutamine than from NH4Cl. He concluded that NH3 cannot be an intermediate in the urea formation from glutamine and that there is a more or less direct conversion of glutamine into urea. He suggested the following scheme:
MECHANISM OF UREA FORMATION
In some experiments l(+)arginine was determined by enzymic conversion into urea and ornithine and manometric determination of the urea, a principle used before by Weil & Russell [1934] , Baldwin [1935] and Hunter & Pettigrew [1937] . To obtain a solution of arginase, fresh mammalian liver (rat, rabbit, mouse or guinea-pig) was ground with sand and 3 vol. 0.01 M NaHCO3 solution. The suspension was centrifuged and the supernatant was used as 'arginase'. A drop of octyl alcohol was added as a preservative. The extract keeps in the refrigerator for about one month.
The solution in which arginine was to be determined (3-6 ml.) was neutralized against litmus (if necessary) and enough M NaHCO3 was added to make the final bicarbonate concentration 0-04M. After addition of 0*25 ml. 'arginase' the solution was incubated for 60 min. at 400. This was sufficient for the hydrolysis of 5 mg. arginine. The urea formed was determined as described above. In general, two controls were required. The first measured the urea and arginine content of the 'arginase'; it was set up together with the arginine determination, the unknown solution having been replaced by water. The second control measured the urea content of the unknown solution, an aliquot of which was tested. The urea value obtained in the controls was deducted from the urea in the unknown solution.
The hydrolysis of 174 mg. (anhydrous) arginine yields 60 mg. urea and subsequently 22,260,ul. CO2. Hence lju. CO2 is equivalent to 0 00782 mg. arginine. The method thus yields reasonably accurate results if quantities from 0-1 mg. upwards are available. This method shows a high degree of specificity. There are a few compounds related to l( + )arginine which can be hydrolysed by arginase, but these are unlikely to be present; moreover the rate of hydrolysis is in these cases exceedingly slow, viz. about 0 1-1 % of the rate of the hydrolysis of l(+)arginine. This applies to d(-)arginine [Edlbacher & Zeller, 1936] , arginylarginine [Edlbacher & Bonem, 1925; Edlbacher & Burchard, 1931] , I(+)N-monobenzoyl-arginine [Felix, Muller & Dirr, 1928] , 1(+)arginic acid [Calvery & Block, 1934; Felix & Muller, 1936; Hunter & Woodward, 1941] , (+)octopine [Akasi, 1937] , oc-N-methyl arginine, glycocyamine, E-guanidino-ox-amino-caproic acid [Felix & Schneider, 1938] , carbamido-arginine [Hunter, 1938] , 8-guanidino-valeric acid [Hellermann & Stock, 1938] , and canavanine [Damodaran & Narayanan, 1940] . If any of these compounds is likely to be present it will be useful to follow the course of the urea production on addition of arginase. Four samples of the solution are incubated with arginase and urea is determined after 30, 60, 120 and 240 min. If the urea formation is practically completed after. 30 min., l(+)arginine may be taken to be the only urea forming substance in the solution.
The crude liver extract used as arginase contained peptidases which liberate arginine from peptones (e.g. Bacto-peptone) and from peptides, and the arginine formed would therefore include 'bound' arginine. Proteins (casein, gelatine) do not yield arginine.
'Arginase' should not be prepared from frog and fish liver, for livers from these groups contain xanthine oxidase, uricase, allantoinase and allantoicase and therefore form urea from purine bases, uric acid, allantoin and allantoic acid.
Most experiments were carried out in duplicate. The temperature was 400; the duration of the experiments was generally 60 or 90 min.
Glutamine and urea synthe8is Table 1 confirms Leuthardt's chief observation: in the liver of starved guinea-pigs (though not of well-fed guinea-pigs or of rats) the rate of urea formation from glutamine is 2-3 times greater than the rate of urea formation from ammonium chloride. On the other hand the rate of urea formation from ammonium glutamate is of the same order as that from glutamine and the facts are thus in accordance with the view that ammonium glutamate is an intermediate in the urea formation from glutamine: It is therefore unnecessary to postulate a more or less direct conversion of glutamine into urea.
For the interpretation of the effects of glutamine and glutamate it is significant that ammonium lactate has a similar effect. A common property of these substances is the stimulation of liver respiration and this suggests that the effect on the urea synthesis may be indirect. As the urea synthesis depends on respiration, conditions which increase respiration may thereby also increase the rate of urea synthesis, although there is no simple numerical relationship between' the two reactions [see Krebs, 1934] . An alternative explanation might be based on the recent discovery by Borsook & Dubnoff [1941] of a synthesis of arginine from citrulline and glutamic acid. This reaction occurs in the kidney of rat and guinea-pig, but has so far not been found in the liver [Borsook & Dubnoff, 1941] . It was thought possible that in the special case of the starved MECHANISM OF UREA FORMATION guinea-pig liver the reaction might occur, and be the cause of Leuthardt's observations and this possibility was tested with the method for the determination of arginine described above. The experiments fully confirm Borsook & Dubnoff's findings with kidney cortex; a rapid synthesis of arginine from citrulline and glutamic acid occurs in this tissue (Table 2 ). In the liver the reaction of Borsook & Dubnoff is not expected to result in the Table 3 shows that glutamate has some effect on the urea formation from citrulline but as glutamate, like lactate, accelerates the urea formation from citruiline and NH4C1 0-003Ml(+)citrulline this case the synthesis of citrulline is probably the reaction limiting the rate of the cycle.
In the other experiments the rates are virtually identical with ornithine and citrulline and here the conversion of citrulline into arginine is probably the limiting reaction. In the latter case, an accumulation of citrulline in the solution may be expected, and actually occurs as shown by Gornall & Hunter [1941] . In vivo the excess of citrulline will enter the blood circulation and thus reach the kidney. There is thus no difficulty in assuming that the liver is the source of the citrulline in the reaction of Borsook & iDubnoff.
Urea formation in the presence of ketonic acids Table 5 does not confirm Bach's statement [1939] that oc-ketoglutarate and pyruvate increase the rate of urea formation from citrulline. I assume that this discrepancy is due to experimental errors in Bach's procedure. The total amount of urea-N in Bach's experiments was of the order of lOO1g. (varying from 2 to 3OOg.). This was 100,ug . N being equivalent to 0 7 ml. 001N HCl. Only an aliquot of 30% was used for the urea determination so that the actual titration reading was on average no more than 0-2 ml. 0-01N HCI. It can hardly be expected that this procedure yields very accurate results. This is also borne out by Bach's own quadruplicate determinations: four lots of slices from the same liver (which ought to give identical results) gave 0, 10, 20 and 110,ug. urea N [see Bach, 1939, p. 1835 ,  Table 1 , Exp. X, 'before incubation' column]. The effects on which Bach's schemes are based are of the same order (44-95jug. urea N) and therefore fall within the limits of error. But it may also be pointed out that even were Bach's results real, they could hardly be regarded as evidence in support of his schemes.
Bach also claims to have observed 'a marked increase in urea formation from glutamine+NH4Cl when Na formate was added'. He thought that Na formate might be a source of carbon in the urea synthesis. I find no effects of formate on the rate of urea synthesis under the conditions stated by Bach. In fact there appears to be so far no evidence indicating that formate is metabolized in mammalian tissues. Moreover, the experiments of Evans & Slotin [1940] and of Rittenberg & Waelsch [1940] with isotopic carbon finally prove that carbon atom of urea is derived from CO2 and bicarbonate.
Trowell's experiments and interpretations Trowell [1942] found with perfused rat liver: (1) that the rate of urea formation from arginine was sometimes lower than the rate of urea formation from NH3 in the presence of ornithine; (2) that citrulline and NH3 yielded urea (as predicted by the ornithine cycle) but that the effect of citrulline was 'transitory'; (3) that citrulline had no catalytic effect on urea formation.
I have no reason to doubt the correctness of Trowell's experimental observations, but I am unable to accept his conclusion that the theory of the ornithine cycle is 'untenable'. The theory does not postulate that under each and every condition arginine yields urea more rapidly than ornithine and NH3, or that the citrulline effect is 'permanent', or that citrulline has a catalytic effect. Trowell chose most unfavourable conditions. Instead of using equimolecular quantities when comparing the rates of urea formation from arginine on one hand and from ornithine + NH3 on the other, he used about ten times less arginine than NH3.* Under these conditions the relatively low rate of urea formation from arginine is irrelevant. I find transitory effects of citrulline on urea formation when there is no excess of NH3. The effect of citrulline then comes to a standstill, as is expected, when the NH3 is exhausted and I presume that this occurred in Trowell's experiments. There * Trowell has pointed out (Discussion at the meeting of the Biochemical Society at Manchester on July 10th, 1942) that the arginine concentration in his experiments was equivalent to the ornithine concentration in control experiments. Thus the arginine added was equivalent to the maximum amount of arginine that could have been formed from the added ornithine. This procedure does not ensure that the concentrations of arginine at the site of the urea synthesis are the same when ornithine and arginine are added. Arginine synthesized from ornithine in the liver would be concentrated at a specific site whilst added arginine is more or less evenly distributed over the whole perfusion system. The affinity of arginase for its substrate is remarkably low. At pH 9-2 a concentration of about 3% arginine is necessary to saturate the enzyme [Van Slyke, 1942] . The concentration of arginine will thus greatly influence the rate of its hydrolysis. are no indications in his paper suggesting that enough NH3 was present. As regards Trowell's failure to detect a catalytic effect of citrulline, it must be borne in mind that a catalytic effect of ornithine or citrulline is not expected in every experiment because the synthesis of urea is not the only metabolic process in liver in which ornithine and citrulline take part. There are other reactions, probably many, in which these amino acids are used up, e.g. the synthesis of protein [see Madden & Whipple, 1940] , the oxidative degradation [see Krebs, 1933] and the conversion into other amino acids [see Krebs, 1939; Clutton, Schoenheimer & Rittenberg, 1940; Roloff, Ratner & Schoenheimer, 1940] . These reactions are responsible for the fact that ornithine and citrulline are never ideal catalysts (i.e. catalysts acting indefinitely). Even the complete absence of 'catalytic' effects under certain conditions is therefore no argument against the ornithine cycle, for it can be explained by side reactions which remove the catalyst. Although such side reactions probably occur in every liver, it is not difficult to demonstrate catalytic effects of ornithine and citrulline. Suitable conditions were described by Krebs & Henseleit [1932c] . These included the addition to the medium of lactate, which Trowell omitted. Presumably lactate suppresses one of the reactions destroying ornithine-the oxidative breakdown [see Krebs, 1935a] . If lactate is present catalytic effects with citrulline are usually found as shown in the example quoted in Table 6 . Similar effects were found in six out of eight experiments. [1942] writes of the ornithine cycle, and of other schemes, 'no one of them has been proved ever to occur'. Similar statements are not infrequently made and it may therefore not be superfluous to review the position.
The ornithine cycle is a theory; it is a supposition designed to account for a number of observations and to serve as a starting point for further investigations. It was first proposed [Krebs & Henseleit, 1932a ] to explain two facts concerning the formation of urea in the liver: (1) the catalytic effect of ornithine, (2) the abundant occurrence of arginase in the liver of 'ureotelic.' organisms. On the basis of the theory a third fact was soon discovered, viz., the ability of the liver to form urea from citrulline and NH3 [Krebs & Henseleit, 1932b] and this made it possible to elaborate details of the theory. Three further relevant observations which were subsequently made on the basis of the theory are the following: the occurrence in liver of the reaction ornithine + NH3 -3 arginine was demonstrated with the help of isotopic hydrogen and nitrogen [Clutton et al. 1940; ; the occurrence in liver of the reaction ornithine +NH3-+citrulline was shown by Gornall & Hunter [1941] ; the carbon atom of urea was shown to be derived from C02 [Evans & Slotin, 1940; Rittenberg & Walesch, 1940] . These observations 'prove',iJ.e. establish as a fact, the occurrence of each step of the cycle as postulated by the theory. This of course is true only for the conditions of the experiments and it can be said with some justification that the reactions have not been proved to occur under 'physiological' conditions, i.e. in the intact liver in situ. In all experiments some facts were 'unphysiological'. The liver was taken out of the body and sliced or artificially perfused. The concentrations of the reactants were artificially raised. Hence
